The orthotropic steel bridge deck weld structure would easily cause fatigue cracking under the repeated action of vehicle load. This paper took the steel box girder in a bridge as a research object, researched the mechanical properties of the steel plate and the microstructure of the welded joint, then designed the fatigue specimens of the deck plate and did the fatigue test. The ∆σ-N curves and stress amplitudes of the weld details of the deck plate with U-rib and diaphragm under different probabilities of survival were obtained. After extended the ∆σ-N curves to the long life range, the fatigue damage calculation equation of the detail was proposed, and the cut-off limit under the 50% and 97.7% probability of survival were 81.50 MPa and 53.11 MPa, respectively. Based on the actual vehicle load spectrum and simplified finite element model of the steel box girder section, the stress amplitude of the details of the weld joint was calculated. The calculation result shows that the maximum stress amplitude of the concerned point was 38.29 MPa, less than the cut-off limit. It means that the fatigue strength of the details of the weld joint meet the requirement of the fatigue design.
Introduction
Due to the advantages such as a light weight, guarantee of high quality, convenience for in-situ assembling process, etc., the orthotropic steel decks have become very frequently used in the construction of bridges [1] [2] [3] . The orthotropic steel bridge deck is a steel deck system with longitudinal ribs and floor beams to support and resist the applied loads such as vehicles and the dead load, and transfer these loads to the main bridge system, which has different types of structures and stiffness values in the longitudinal and transverse directions [4, 5] . Much study has shown that the fatigue failure was one of the major factors in the failure of steel bridges [6] [7] [8] [9] , and which is liable to fatigue cracking once placed in service [10] . Fatigue cracks originated in welded details of the orthotropic steel bridge deck, which greatly impacted on the traffic safety and limited the service life, especially in deck-to-rib joints [11, 12] . Under the action of a moving wheel, the damage on the deck plate can highly increase the displacement and stress level of the weld detail because of the changes in its structural behaviors and response generated from the longitudinal ribs against moving loads in the longitudinal direction [13] . It was local stress concentration caused by interaction between out-of-plane motion of U-ribs to adjacent cross-beams and in-plane distortion of the cross-beam that induces the secondary stresses, which may initiate fatigue cracks inside the cross-beams [14] . In addition, there are local stress concentrations on the components caused by residual stresses and weld defects in the weld details, and the geometric abrupt changes at the weld defects and the initial defects of the weld details, which will accelerate the local fatigue crack initiation and expansion [15, 16] . Connor and 
Microstructure Analysis of Welded Joint
The microstructure of the welded joint is different in base metal, weld metal, and the heat affected zone. The local weld joint of the sample was dissected and the sample was corroded in 4% nitric acid alcohol solution for 10 s. Figure 1a shows the microstructures of the steel specimen, the steel specimen had a ferrite and pearlite banded structure. Figure 1b shows the microstructures of the welded joint, the ferrite was distributed along the columnar crystal on the matrix of sorbite. When the weld was cooled down, the molten metal in the weld was crystallized along the direction of the thermal diffusion, and the columnar crystal was obtained. The eutectoid ferrite separated out along the columnar crystal first, and this ferrite was slightly overheated as the temperature was higher and the cooling rate was slightly faster. During the subsequent cooling process, the austenite turned into acicular distribution of sorbite as greater under-cooling. Figure 1c shows the microstructures of the heat affected zone, and this zone was mainly sorbite and reticular or an acicular distribution of ferrite on the matrix of the Widmanstätten structure.
Designation Specimen Number Yield Strength/MPa Tensile Strength/MPa
Q345qD 1 331.3 507.5 2 342.6 517.3 3 344.5 509.9 Mean value 339.5 511.6 E501T-1 1 495 575
Microstructure Analysis of Welded Joint
The microstructure of the welded joint is different in base metal, weld metal, and the heat affected zone. The local weld joint of the sample was dissected and the sample was corroded in 4% nitric acid alcohol solution for 10 s. Figure 1a shows the microstructures of the steel specimen, the steel specimen had a ferrite and pearlite banded structure. Figure 1b shows the microstructures of the welded joint, the ferrite was distributed along the columnar crystal on the matrix of sorbite. When the weld was cooled down, the molten metal in the weld was crystallized along the direction of the thermal diffusion, and the columnar crystal was obtained. The eutectoid ferrite separated out along the columnar crystal first, and this ferrite was slightly overheated as the temperature was higher and the cooling rate was slightly faster. During the subsequent cooling process, the austenite turned into acicular distribution of sorbite as greater under-cooling. Figure 1c shows the microstructures of the heat affected zone, and this zone was mainly sorbite and reticular or an acicular distribution of ferrite on the matrix of the Widmanstätten structure. Due to the uneven distribution of the microstructure in the weld area, different degrees of grain coarsening appeared in the fusion zone, which is the weak area of the whole welded joint. The property of the fusion zone was also uneven, which affects the mechanical properties, corrosion resistance, and fatigue resistance of the joint. Due to the uneven distribution of the microstructure in the weld area, different degrees of grain coarsening appeared in the fusion zone, which is the weak area of the whole welded joint. The property of the fusion zone was also uneven, which affects the mechanical properties, corrosion resistance, and fatigue resistance of the joint.
Fatigue Test and Result Analysis
The fatigue specimens were designed and fabricated via V-groove welding. The welding procedure of the specimen was the same as that in the real bridge, which adopted the carbon dioxide arc welding method and used a six-pass welding process. The specific welding parameters are shown in Table 3 . The fatigue test was done by a SD-500 fatigue test machine (produced by Sinotest Equipment Co. ltd, Changchun, China). The stress ratio was set as R = 0.05 in the fatigue test. Eleven groups of the fatigue test results were shown in Table 4 . Among these eleven specimens, the surface of the specimen sy-2-1-2 and sy-2-1-6 were polished and smoothed to research the influence of surface roughness on fatigue life. According to the data shown in Table 4 , the ∆σ-N curve equation at 50% probability of survival of the details of the structure was fitted as shown in Equation (1):
where, ∆σ is the stress amplitude, N is the number of cycles corresponding to failure. When N = 2 × 10 6 , ∆σ 1 was equal to 171.92 MPa. ∆σ-N curve equations and stress amplitudes for different probabilities of survival of the structure details were calculated based on Equation (1), as shown in Table 5 . The ∆σ-N curve equations and stress amplitudes for different probabilities are shown in Figure 2 . The crack propagation has been monitored by electron microscopy, as shown in Figure 3 . According to the fatigue test, the initial crack occurred at the base metal of the bridge deck surface at its welded joint with the diaphragm and U-rib, and then extended lengthwise along the U-rib. The crack location, extension direction, and local view are shown in Figure 3 . The crack occurred at the top surface of the bridge deck and was affected by the weld, so the fatigue strength of the details was lower than the base metal, but higher than the weld. Named the number of cycles when the initial crack occurred as N1, then compared N1 with the number of cycles N when the specimen was fractured, and the proportion of initiation life could be obtained, as shown in Table 6 . The crack propagation has been monitored by electron microscopy, as shown in Figure 3 . According to the fatigue test, the initial crack occurred at the base metal of the bridge deck surface at its welded joint with the diaphragm and U-rib, and then extended lengthwise along the U-rib. The crack location, extension direction, and local view are shown in Figure 3 . The crack occurred at the top surface of the bridge deck and was affected by the weld, so the fatigue strength of the details was lower than the base metal, but higher than the weld. The crack propagation has been monitored by electron microscopy, as shown in Figure 3 . According to the fatigue test, the initial crack occurred at the base metal of the bridge deck surface at its welded joint with the diaphragm and U-rib, and then extended lengthwise along the U-rib. The crack location, extension direction, and local view are shown in Figure 3 . The crack occurred at the top surface of the bridge deck and was affected by the weld, so the fatigue strength of the details was lower than the base metal, but higher than the weld. Named the number of cycles when the initial crack occurred as N1, then compared N1 with the number of cycles N when the specimen was fractured, and the proportion of initiation life could be obtained, as shown in Table 6 . Named the number of cycles when the initial crack occurred as N 1 , then compared N 1 with the number of cycles N when the specimen was fractured, and the proportion of initiation life could be obtained, as shown in Table 6 .
According to the data shown in Table 6 , the ∆σ-N 1 curve equation at 50% probability of survival of the details of the structure was fitted as shown in Equation (2):
when N = 2 × 10 6 , ∆σ 2 was equal to 170.47 MPa.
The ∆σ-N 1 curve equation at 97.7% probability of survival of the details of the structure was fitted as shown in Equation (3):
when N = 2 × 10 6 , ∆σ 2 was equal to 111.53 MPa. From Table 6 and Figure 4 , it could be easily seen that the initiation life of the crack in the weld detail was longer than the crack propagation life. According to the data shown in Table 6 , the Δσ-N1 curve equation at 50% probability of survival of the details of the structure was fitted as shown in Equation (2) 
when N = 2 × 10 6 , Δσ2 was equal to 170.47 MPa.
The Δσ-N1 curve equation at 97.7% probability of survival of the details of the structure was fitted as shown in Equation (3):
when N = 2 × 10 6 , Δσ2 was equal to 111.53 MPa. From Table 6 and Figure 4 , it could be easily seen that the initiation life of the crack in the weld detail was longer than the crack propagation life. 
The Effect of Surface Roughness on Fatigue Life
According to the principle of fracture mechanics, the larger the surface roughness, the larger the stress concentration coefficient, and leads to a worse fatigue performance.
In order to study the effect of surface roughness on the fatigue life of weld structure of U-rib and deck plate, the surface of the specimen sy-2-1-2 and sy-2-1-6 were smoothed, and the comparison was conducted during the fatigue test. The test results showed that the fatigue life would be improved significantly when the surface of the specimen was polished. The crack location, extension direction, and local view are shown in Figure 5 . The number of cycles of the specimen sy-2-1-2 and sy-2-1-6 were calculated by Equation (1) to obtain the theoretical number of cycles. The comparison between the theoretical number of cycles and the test number of cycles is shown in Table 7 . The life expectancy rate of the specimen sy-2-1-2 was about 138.2%, and the life-expectancy rate of the specimen sy-2-1-6 was 293.4%. 
In order to study the effect of surface roughness on the fatigue life of weld structure of U-rib and deck plate, the surface of the specimen sy-2-1-2 and sy-2-1-6 were smoothed, and the comparison was conducted during the fatigue test. The test results showed that the fatigue life would be improved significantly when the surface of the specimen was polished. The crack location, extension direction, and local view are shown in Figure 5 . The number of cycles of the specimen sy-2-1-2 and sy-2-1-6 were calculated by Equation (1) to obtain the theoretical number of cycles. The comparison between the theoretical number of cycles and the test number of cycles is shown in Table 7 . The life expectancy rate of the specimen sy-2-1-2 was about 138.2%, and the life-expectancy rate of the specimen sy-2-1-6 was 293.4%. According to the data shown in Table 6 , the Δσ-N1 curve equation at 50% probability of survival of the details of the structure was fitted as shown in Equation (2) 
Stress Spectrum Calculation
The fatigue life of the steel bridge deck is related to the stress amplitude and the number of cycles under the action of vehicle load. The calculation of stress amplitude spectrum is important for the fatigue design of steel bridge deck. In order to analyze the stress condition of the deck plate at its weld joint with U-rib and diaphragm, the simplified finite element model of steel bridge was established. The vehicle load spectrum was calculated based on the actual vehicle survey data, and the stress-time history of the concerned point under vehicle load was calculated, then the stress spectrums were obtained by the rain flow counting method.
Loading Method
According to the actual vehicle survey data, the load frequency spectrum of vehicle load for a certain bridge was obtained. The passing vehicles were divided into seven types on the basis of vehicle type, number of axles, wheelbase, and vehicle weight, as shown in Table 8 . The values of lane distribution coefficient were shown in Tables 9 and 10 [29] . The loading method in this paper is single lane loading. 
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According to the actual vehicle survey data, the load frequency spectrum of vehicle load for a certain bridge was obtained. The passing vehicles were divided into seven types on the basis of vehicle type, number of axles, wheelbase, and vehicle weight, as shown in Table 8 . The values of lane distribution coefficient were shown in Tables 9 and 10 [29] . The loading method in this paper is single lane loading. The target bridge is designed for six lane highways, which has a main bridge length of 140,500 mm and a main span of 81,800 mm. The length of each side span is 22,900 and 35,800 mm, respectively. The bridge structure layout is shown in Figure 6 . 
FE Model and Stress Calculation of Steel Bridge Structure

Simplified Finite Element Model of Steel Bridge Structure
The target bridge is designed for six lane highways, which has a main bridge length of 140,500 mm and a main span of 81,800 mm. The length of each side span is 22,900 and 35,800 mm, respectively. The bridge structure layout is shown in Figure 6 . In this paper, the steel box girder section with the maximum stress variation under the vehicle load was selected as the research object, and named E1. The length of this steel girder section was 15 m, the thickness of the deck plate was 16 mm, the cross section of the longitudinal rib was 300 mm (top width) × 180 mm (bottom width) × 300 mm (height), and the thickness of the rib was 8 mm. The space between two U-ribs was 0.6 m and the space between two diaphragms was 3.75 m. The thickness of the diaphragms was 12 mm and 14 mm, respectively.
Due to the centrosymmetric structure of the steel box girder section, the one-fourth finite element model was established as shown in Figure 7 . Based on the St. Venant principle, the simplified finite element model of the steel box girder section was established, as shown in Figure 8 In this paper, the steel box girder section with the maximum stress variation under the vehicle load was selected as the research object, and named E1. The length of this steel girder section was 15 m, the thickness of the deck plate was 16 mm, the cross section of the longitudinal rib was 300 mm (top width) × 180 mm (bottom width) × 300 mm (height), and the thickness of the rib was 8 mm. The space between two U-ribs was 0.6 m and the space between two diaphragms was 3.75 m. The thickness of the diaphragms was 12 mm and 14 mm, respectively.
Due to the centrosymmetric structure of the steel box girder section, the one-fourth finite element model was established as shown in Figure 7 . Based on the St. Venant principle, the simplified finite element model of the steel box girder section was established, as shown in Figure 8 Two assumptions were made in the finite element analysis as follows: (1) The components are made of homogeneous, continuous, and isotropic pure elastic materials, and (2) the self-weight and damping of the steel bridge deck are not considered.
Since the box girder webs could restrain the vertical deflection of the deck plate effectively, as shown in Figure 8 , along the longitudinal direction (Z-axis) of the girder section, the vertical translation (along Y-axis) of one end of the section was constrained, and the vertical translation and the lateral displacement (along X-axis) of the other end were constrained. All six degrees of freedom of the diaphragms were fixed at the bottom.
Determination of the Concerned Point
The concerned point was located on the top surface of the deck plate at its weld joints with Urib and diaphragm, as shown in Figure 9 . In this position, the U-rib crossed through the perforated diaphragm and connected with the diaphragm by filled welds, and the stress concentration would exist at the perforated position of the diaphragm and the end of the welds. This position would be affected by the in-plane bending stress and the out-of-plane bending stress, which were caused by the deflection of the U-rib. Therefore, the fatigue cracks were easily generated at this concerned point of the deck plate under the action of the changing load of the vehicle. Two assumptions were made in the finite element analysis as follows: (1) The components are made of homogeneous, continuous, and isotropic pure elastic materials, and (2) the self-weight and damping of the steel bridge deck are not considered.
The concerned point was located on the top surface of the deck plate at its weld joints with U-rib and diaphragm, as shown in Figure 9 . In this position, the U-rib crossed through the perforated diaphragm and connected with the diaphragm by filled welds, and the stress concentration would exist at the perforated position of the diaphragm and the end of the welds. This position would be affected by the in-plane bending stress and the out-of-plane bending stress, which were caused by the deflection of the U-rib. Therefore, the fatigue cracks were easily generated at this concerned point of the deck plate under the action of the changing load of the vehicle.
When the vehicle load acting on the orthotropic steel bridge deck, there was a large stress value in the position of the load and its vicinity, but the stress value away from the load position was very small and the influence distance was much smaller than the vehicle wheelbase. Therefore, when analyzing the worst loading position of the bridge deck, it could use the dual-wheel load of the vehicle [16] . In order to get the worst loading position of the concerned point, take the vehicle model V2 in Table 9 as an example, the stress-time history curve was calculated based on the axle weight of one side of rear axle. The stress-time history curve and the worst loading position of the concerned point are shown in Figures 10 and 11 , respectively. When the vehicle load acting on the orthotropic steel bridge deck, there was a large stress value in the position of the load and its vicinity, but the stress value away from the load position was very small and the influence distance was much smaller than the vehicle wheelbase. Therefore, when analyzing the worst loading position of the bridge deck, it could use the dual-wheel load of the vehicle [16] . In order to get the worst loading position of the concerned point, take the vehicle model V2 in Table 9 as an example, the stress-time history curve was calculated based on the axle weight of one side of rear axle. The stress-time history curve and the worst loading position of the concerned point are shown in Figures 10 and 11 , respectively. When the vehicle load acting on the orthotropic steel bridge deck, there was a large stress value in the position of the load and its vicinity, but the stress value away from the load position was very small and the influence distance was much smaller than the vehicle wheelbase. Therefore, when analyzing the worst loading position of the bridge deck, it could use the dual-wheel load of the vehicle [16] . In order to get the worst loading position of the concerned point, take the vehicle model V2 in Table 9 as an example, the stress-time history curve was calculated based on the axle weight of one side of rear axle. The stress-time history curve and the worst loading position of the concerned point are shown in Figures 10 and 11 , respectively. When the vehicle load acting on the orthotropic steel bridge deck, there was a large stress value in the position of the load and its vicinity, but the stress value away from the load position was very small and the influence distance was much smaller than the vehicle wheelbase. Therefore, when analyzing the worst loading position of the bridge deck, it could use the dual-wheel load of the vehicle [16] . In order to get the worst loading position of the concerned point, take the vehicle model V2 in Table 9 as an example, the stress-time history curve was calculated based on the axle weight of one side of rear axle. The stress-time history curve and the worst loading position of the concerned point are shown in Figures 10 and 11 , respectively. 
The Calculation of Stress Frequency Spectrum
The stress calculated by elastic theory should be included in the impact effect of the vehicle load. According to AASHTO LRFD Bridge Design Specifications [30] , the impact coefficient was adopted to be 0.15 in this paper.
Due to the influence of the deck pavement on the contact area between the wheel and the ground, the wheel load was extended to the bridge deck along the 45 • direction during the loading process.
Thus, the contact area of the front wheel should be modified to 0.41 m × 0.31 m and the modified contact areas of the remaining wheels were 0.71 m × 0.31 m.
Based on the vehicle load spectrum shown in Table 8 , a command stream that let the front axle of the vehicle travel from one end of the bridge deck until the rear axle leaves the other end of the bridge in turn were written by ANSYS APDL. Each load step was recorded to obtain the stress-time history of the concerned point, as shown in Figure 12 . 
Fatigue Life Assessment of the Concerned Point
In order to evaluate the fatigue life of the details of the deck plate at the weld joint with U-rib and diaphragm, the Δσ-N curve obtained from the fatigue test was extended to the long life range according to the Eurocode 3 [32] , and then the Δσ-N curve that met the requirement of the fatigue design of the details could be obtained, as shown in Figure 13 . According to the actual vehicle survey data, the stress history of the concerned point was analyzed by the rain flow counting method, and the maximum stress amplitude was 38.29 MPa. The stress amplitude range (0-40 MPa) was divided into eight levels equally [31] , and the corresponding number of cycles of the concerned point in one year of each stress level was calculated, as shown in Table 11 . 
In order to evaluate the fatigue life of the details of the deck plate at the weld joint with U-rib and diaphragm, the ∆σ-N curve obtained from the fatigue test was extended to the long life range according to the Eurocode 3 [32] , and then the ∆σ-N curve that met the requirement of the fatigue design of the details could be obtained, as shown in Figure 13 . According to the Eurocode 3, the detail category used to designate a particular fatigue strength curve corresponded to the reference value (in N/mm 2 ) of the fatigue strength at two million cycles, the constant amplitude fatigue limit corresponded to the fatigue strength for five million cycles, and the cut-off limit corresponded to the fatigue strength for 100 million cycles. According to the test result, when the probability of survival was 50%, the constant amplitude fatigue limit (N = 5 × 10 6 ) of the detail of the weld joint was ΔσL50% = 135.71 MPa, and the cut-off limit (N = 10 8 ) was Δσcut50% = 81.50 MPa. The maximum stress amplitude of the detail was 38.29 MPa, less than the cut-off limit. When the probability of survival was 97.7%, the constant amplitude fatigue limit (N = 5 × 10 6 ) of the detail was ΔσL97.7% = 88.43 MPa, and the cut-off limit (N = 10 8 ) was Δσcut97.7% = 53.11 MPa.
The maximum stress amplitude of the detail was 38.29 MPa, less than the cut-off limit. As the maximum stress amplitude of the detail was less than the cut-off limit, it was considered that there was no fatigue damage of the details of the weld joint.
If the maximum stress amplitude of the detail was more than the constant amplitude fatigue limit, combining with the Miner's Rule and Eurocode 3 [32] , the amount of fatigue damage of the weld detail of the structure at 50% probability of survival could be calculated as shown in Equation (4), and at 97.7% probability of survival could be calculated as shown in Equation (5): According to the Eurocode 3, the detail category used to designate a particular fatigue strength curve corresponded to the reference value (in N/mm 2 ) of the fatigue strength at two million cycles, the constant amplitude fatigue limit corresponded to the fatigue strength for five million cycles, and the cut-off limit corresponded to the fatigue strength for 100 million cycles. According to the test result, when the probability of survival was 50%, the constant amplitude fatigue limit (N = 5 × 10 6 ) of the detail of the weld joint was ∆σ L50% = 135.71 MPa, and the cut-off limit (N = 10 8 ) was ∆σ cut50% = 81.50 MPa. The maximum stress amplitude of the detail was 38.29 MPa, less than the cut-off limit. When the probability of survival was 97.7%, the constant amplitude fatigue limit (N = 5 × 10 6 ) of the detail was ∆σ L97.7% = 88.43 MPa, and the cut-off limit (N = 10 8 ) was ∆σ cut97.7% = 53.11 MPa.
If the maximum stress amplitude of the detail was more than the constant amplitude fatigue limit, combining with the Miner's Rule and Eurocode 3 [32] , the amount of fatigue damage of the weld detail of the structure at 50% probability of survival could be calculated as shown in Equation (4) , and at 97.7% probability of survival could be calculated as shown in Equation (5) 
The total amount of fatigue damage of the details of the structure could also be calculated as shown in Equation (6) [33] :
where D is the total amount of fatigue damage, ∆σ i is the i-th stress amplitude, N i is the total number of cycles of the i-th stress amplitude, n i is the number of cycles of the i-th stress amplitude, and i = 1, 2, 3, 4, 5, . . . .
Conclusions
This paper focused on the fatigue strength of the weld joint of the deck plate at its weld joint with U-rib and diaphragm in an orthotropic steel bridge deck, researched the mechanical properties of the steel plate and the microstructure of the welded joint, then designed the fatigue specimens of the deck plate and did the fatigue test. The fatigue test results showed that the fatigue life would be improved significantly when the surface of the specimen was polished and smoothed. The test results also showed that the initiation life of the crack in the weld detail was longer than the crack propagation life. The ∆σ-N curves and stress amplitudes of the deck plate at its weld joint with U rib and diaphragm under a different probability of survival were obtained. After extending the ∆σ-N curves to the long life range, the extended ∆σ-N curve and the amount of fatigue damage calculation equation that met the requirement of the fatigue design of the detail was proposed, and the cut-off limit under the 50% and 97.7% probability of survival were 81.50 MPa and 53.11 MPa, respectively. This paper also established a simplified finite element model of the steel box girder section, determined the concerned point where the fatigue cracks easily generated, selected a reasonable loading process and the impact coefficient, and calculated the stress amplitude of the details of the weld joint using the actual vehicle load spectrum. The calculation result showed that the maximum stress amplitude of the concerned point was 38.29 MPa, less than the cut-off limit. It meant that the fatigue strength of the details of the weld joint met the requirement of the fatigue design. 
